Abstract. Radar measurements at Aberystwyth (52.4°N, 4.1°W) of winds at tropospheric and lower stratospheric heights are shown for 12±13 March 1994 in a region of highly curved¯ow, downstream of the jet maximum. The perturbations of horizontal velocity have comparable amplitudes in the troposphere and lower stratosphere with downward and upward phase propagation, respectively, in these two height regions. The sense of rotation with increasing height in hodographs of horizontal perturbation velocity derived for hourly intervals show downwards propagation of energy in the troposphere and upward propagation in the lower stratosphere with vertical wavelengths of 1.7 to 2.3 km. The results indicate inertia-gravity waves propagating in a direction similar to that of the jet stream but at smaller velocities. Some of the features observed contrast with those of previous observations of inertia-gravity waves propagating transverse to the jet stream. The interpretation of the hodographs to derive wave parameters has taken account of the vertical shear of the background wind transverse to the direction of wave propagation.
Introduction
Radar observations often show the presence of wavelike structures in height variations of wind speeds. These structures typically have rather small vertical wavelengths (£3.0 km) and periods of several hours. The common interpretation of these structures has been in terms of inertia-gravity waves (Cornish and Larsen, 1989; Thomas et al., 1992; Maekawa et al., 1984; Sato, 1994) , such waves having previously been identi®ed in quasi-periodic¯uctuations of wind speeds identi®ed by balloons (Thompson, 1978; Cadet and Teitelbaum, 1979) . However, Hines (1989) has proposed an alternative interpretation of the radar observations of Sato and Woodman (1982) , analysed and interpreted by Maekawa et al. (1984) , in terms of quasi-stationary waves generated orographically by air¯ow over the island and mountains of Puerto Rico. The roles of mountain waves and inertia-gravity waves in other observations at Puerto Rico have since been the subjects of considerable discussion (Cornish and Larsen, 1989; Hines, 1995a, b; Larsen, 1995) .
Radar observations of long-period waves have shown a preference for meridional propagation in the lower stratosphere (Hirota and Niki, 1986; Yamanaka et al., 1989; Thomas et al., 1992; Prichard and Thomas, 1993) . Studies of hodographs (e.g. Cornish and Larsen, 1989) and cross spectra (Cho, 1995) have shown upwards energy propagation in the lower stratosphere and downwards propagation of energy below the tropopause (Thomas et al., 1992) . These latter workers identi®ed tentatively a source associated with a jet stream to the north. Two and three-dimensional model studies by Fritts and Luo (1992) and Luo and Fritts (1993) , respectively, have supported the suggestion that geostrophic adjustment of the jet stream may provide a signi®cant source of inertia-gravity waves and help explain the preference for meridional propagation. However, a statistical study of the meridional propagation of waves, observed with the MU radar, relative to the jet axis, as identi®ed in ECMWF operational data, by Sato (1994) suggested that the geostrophic adjustment process just at the jet axis is not the dominant generation mechanism.
A notable feature of the balloon (Thompson, 1978; Cadet and Teitelbaum, 1979) and radar results (Thomas et al., 1992; Sato, 1994; Cho, 1995) , apart from the commonly observed downward propagation of phase in the lower stratosphere, was the low intensity or absence of the inertia-gravity waves at heights below the jet stream. The present study, which is based on data provided by the NERC MST radar facility at Aberystwyth (52.4°N, 4.1°W), is concerned with a longperiod wave event during 12 and 13 March, 1994. It is argued that this is not related to mountain-wave activity and, instead, represents an inertia-gravity wave, but with rather dierent characteristics from those observed previously.
Radar system and observations
The radar system operates at a frequency of 46.5 MHz, has a peak power of 160 kW and a duty cycle of 2.5%. The antenna array is made up of 400 four-element Yagis occupying an area of 1.1´10 4 m 2 , providing a one-way beamwidth of 3°. A total of 16 beam directions are available, but the present investigation makes use of those in the vertical and 6°to the vertical in azimuths near NE and NW. The measurements were carried out with 8 ls pulses, coded with a baud length of 2 ls, the receiver being gated at 1 ls intervals. For each beam direction, the radial velocities were observed for periods of 21s which were repeated in cycle times of 2.4-min, averages over 12-min intervals being used in the present study.
3 Analysis of data 3.1 Mean and perturbation velocities Figure 1a shows the variation with height and time of the horizontal wind vector during the period 0000 UT on 12 March, 1994 to 0000 UT on 14 March, 1994. The wind veers with increasing height up to about the tropopause, near 12 km, during the ®rst 24 h at which time the wind at the lowest height, near 2.5 km, also shows a clockwise rotation. Figure 1b shows the corresponding contours of vertical velocity. The large amplitude and slowly varying phase are common features of mountain waves at this site and their presence is con®rmed by the characteristic frequency spectra observed throughout the height range shown (Worthington and Thomas, 1996) . It is to be noted that in both the horizontal wind and vertical velocity plots the height and time resolutions are degraded from the initial measurements for the purpose of clarity.
The height pro®les of horizontal wind for 12-min intervals were subjected to a fourth-order Butterworth high-pass ®lter to remove variations with vertical scales greater than 5 km, and time ®ltering served to reveal¯uctuations in the 2±10 h period band. Figure 2a shows height-time contours of horizontal velocity perturbations in the zonal and meridional directions, respectively, for the 48 h of observation. Alternating positive and negative perturbations of amplitudes about 2 m/s are observed in both components with a vertical structure of 2±3 km in the troposphere and about 2 km in the lower stratosphere. Clear downward propagation of disturbance is apparent at heights below 9±10 km and upward propagation at heights above this level. The corresponding periods are 9 h and 10 h, respectively.
The location of the radar site on the west coast of Wales in relation to the jet stream is illustrated by reference to the contour map of zonal and meridional velocities for the 315 K isentrope level, at about 11± 12 km, for 1200 UT on 12 March 1994, as given by the ECMWF operational analysis, Fig. 3a , b. The tightly curved¯ow downstream of the jet maximum moves eastward with time almost parallel to latitude circles, and corresponds to the jet stream exit region described by O'Sullivan and Dunkerton (1995) in their theoretical study of associated inertia-gravity waves. Thompson, 1978) shows that this sense of rotation in the Northern Hemisphere corresponds to a downward propagation of energy. In contrast, the variation for heights above 12.65 km for the interval 14.1±15.1 UT on 12 March in the second case shows a clockwise rotation with increasing height, Fig. 4b , and corresponds to an upward propagation of energy. From the more detailed information on the reversal of the vertical phase propagation, Sect. 3.1, it seems that the wave source would be at 9±10 km, near the height of maximum horizontal velocity, and could again be associated with the jet stream. The studies of other height and time intervals have shown more poorly de®ned hodographs but provide additional evidence for anticlockwise and clockwise rotations below and above the interval 10± 12 km, respectively. As in the examples shown in Fig. 4a , b, the hodographs are commonly orientated with the major axes in the NW-SE azimuth.
The results of Figs. 2a, b and 4a, b indicate that in the troposphere the vertical components of phase and group velocities are both downward and in the lower stratosphere they are both upward. This implies that for both height ranges the observed and intrinsic wave frequencies are of opposite sign. The relationship between the observed frequency, x o , and the intrinsic frequency, x, of the wave is given by the Doppler expression:
where U is the mean background wind component in the direction of wave propagation and k is the horizontal wave number. According to linear theory (e.g. Thompson, 1978) , the horizontal direction of propagation is parallel to the major axis of the polarisation ellipse. The dierence in sign between x o and x indicates that the observed wave propagation is south-eastward at a phase velocity less than the background wind value U and the intrinsic phase propagation is north-westward. Unfortunately, with the vertical velocities being dominated by mountain-wave activity, the use of the maximum perturbation velocities in the vertical and horizontal directions to con®rm this wave propagation direction (e.g. Tsuda et al., 1990; Thomas et al., 1992) is not possible.
A contribution to the polarisation ratio, given by the ratio of the minor to major axis of the elliptical hodograph, can arise from the vertical shear of the background wind transverse to the direction of wave propagation (dV/dz), i.e. to the major axis of the ellipse, (Hines, 1989) . This contribution is given by N A1 dV/dz, where N represents the angular Brunt-VaÈ isaÈ laÈ frequency. Thus for the tropospheric case, Fig. 4a , for which the polarisation ratio is 0.5 and the Brunt-VaÈ isaÈ laÈ frequency derived from radiosonde temperature measurements is 0.013 rad/s, a gradient of 6.5´10 A3 m/s/m would be required to account fully for this ratio; the corresponding ®gure for the lower stratospheric case is 8.41 0 A3 m/s/m. These values are substantially larger than the observed gradients for these two cases but such large shears dominate the polarisation ratios for certain hodographs, especially in the lower stratosphere. 
Estimation of wave parameters
As mentioned in Sects. 1 and 3.2, Hines (1989) drew attention to the need to take account of the vertical wind shear in the background horizontal wind perpendicular to the horizontal wave vector in the interpretation of observed elliptical polarisations of velocity perturbations.
The ratio of minor to major axis of the ellipse is then given by
where f is the Coriolis parameter, 1.156´10 A4 rad/s at Aberystwyth, and m is the vertical wave number.
We adopt the convention that the intrinsic frequency, x, is positive, k is orientated parallel to the major axes of the hodographs and directed towards the north west, U and V represent the background wind parallel and perpendicular to k, V being towards the southwest, and m is positive in the troposphere and negative in the lower stratosphere.
The dispersion relation is given by a simpli®cation of a general form presented by Kunze (1985) :
The situation of primary interest is that in which the expression within the modulus sign of Eq. (2) is positive, and substituting for k/m in Eq. (3) gives
With the values of observed parameters relating to the two cases represented in Fig. 4a, b , corresponding values of x are derived as indicated in Table 1 . The hourly mean pro®les of horizontal wind velocity show considerable vertical structure and there are some uncertainties in the gradients, dV/dz, of the velocity perpendicular to the major axes of the ellipses, especially in the second case, Fig. 4b . Here the gradient 4´10 A3 m/s/m shown is for the lower part of the height range, between 12.65 km and 13.8 km, a value near zero being shown between 13.8 and 14.3 km. In the calculations for this case the two values are assumed, in turn, to relate to the full height range 12.65 to 14.30 km. The zero gradient results for x and k for the two cases, Fig. 4a , b, are shown bracketed in Table 1 .
In applying Eq. (4) for the non-zero values of dV/dz shown, the ®rst terms in the numerators are the largest and the derived values of x are all positive. The larger magnitude of dV/dz in the second case, Fig. 4b , renders the values of the two terms in the numerator more similar and these then yield dissimilar values of x, Table 1 . For certain other hodographs the interpretation is compromised by large values of d adz j j. A knowledge of m permits the estimation of k:
Similar expressions to Eqs. (2)±(5) have been shown by Cho (1995) . With the substitution of the derived values of x, for each of the two cases considered, it is found that the term including the square bracket has the larger magnitude. Consequently for each value of x, both positive and negative values of k are obtained. With the coordinate system adopted, the positive values of k are appropriate and are indicated in Table 1 . The value of the background wind velocity in the direction of wave propagation provides an independent estimate of k from the Doppler relation Eq. (1). With estimates of U relating to the hourly mean values in the directions of the major axes of the ellipses in Fig. 4a, b , the values of 2p/k derived for the two cases are found to be substantially larger than the corresponding values derived from Eq. (5). Uncertainties in the values of x o adopted in Eq. (1) make little contributions to the dierences between the two sets of values.
It is to be noted that the velocity magnitude of 33 m/s in the ®rst case relates to the mean for the height interval 3.80±6.05 km during the hour 23.1±24.1 UT on 12 March. The relevance of this value to the interpretation of the corresponding hodograph needs to be examined. The vertical component of the group velocity, dx/dm, can be derived from Eq. (3). For the values of 7.0 h for 2p/x and 136 km for 2p/k shown for this case in Table 1 , a value of 0.068 m/s is derived for this velocity, with the wind gradient term contributing about 2%. Thus the time taken for the downward propagation of waves from 6.05 km to 3.80 km is 9.2 h. The value of U to be adopted in Eq. (1), and also the value of dV/dz incorporated in Eqs. (4) and (5), should then be representative of the period from about 1500 UT to 2400 UT and not just 23.1 UT to 24.1 UT. The reconciliation of the two values of k requires a reduction in the magnitude of U to about 10 m/s. An examination of the wind vectors in the height range 3.80 to 6.05 km, Fig. 1a , does suggest a reduction of the velocity component in the direction of the major axis of the ellipse in Fig. 4a for several hours prior to the interval 23.1±24.1 UT, arising both from a decrease in magnitude and a change in direction of the total wind. The mean U pro®le for the period 1500 UT to 2400 UT shows a range of magnitudes from 10 m/s to 35 m/s over the 3.80 km to 6.05 km height range. The values of x and k derived from Eqs. (4) and (5), respectively, with the mean value of dV/dz for the same period were rather similar to those shown in Table 1 , implying that the values of 2p/k derived from Eq. (1) are larger than the corresponding values derived from Eq. (5), as previously. A similar argument could be applied for the second case, Fig. 4b , but the required reduction in U is less clear.
Discussion
The height-time variation of vertical velocity presented in Fig. 1b is typical of mountain waves at Aberystwyth (Prichard et al., 1995; Worthington and Thomas, 1996) , although they often do not extend to such great heights. Before considering the overall results in terms of inertiagravity waves, it needs to be established that the observations do not reproduce the situation highlighted by Hines (1989) , namely that orographically generated quasi-stationary mountain waves with suitable gradients in the wind transverse to the wave propagation direction, dV/dz, can simulate the observations of inertiagravity waves and, speci®cally, the rotation with height of the horizontal wind-perturbation. It is evident that the sign of the gradient, dV/dz, at heights below and above the jet stream could be such as to contribute rotations of opposite sign in these two regions. However, the contribution of the gradient term to the polarisation relation is given by
, which for the tropospheric case, a in Table 1 , amounts to 0.04, only 8% of the observed ratio; for the lower stratospheric case b where, as indicated previously, the magnitude of the overall gradient was believed to be less than the value 4´10 A3 m/s/m, shown in Table 1 , the contribution is less than the corresponding value of 0.19, i.e. 48% of the observed ratio. Hines (1989) has suggested that monotonic changes in the background wind and/or temperature in the region between the ground and the observing level could provide for a quasi-stationary mountain wave a downward progression of phase which is sometimes interpreted in terms of an inertia-gravity wave. In the present study, both downward and upward progressions of phase are observed, Fig. 2a, b . Furthermore, the vertical velocity measurements in Fig. 1b , and in similar events, show vertical wavelengths of about 14 km with no evidence of a steady phase propagation throughout the observation period, and clear vertical phase propagation in the horizontal velocity perturbations has sometimes been observed at heights above critical layers for mountain waves.
The direction of wave propagation relative to that of the jet stream is of interest in considerations of possible source mechanisms. It is, therefore, useful to examine whether the hodographs of Fig. 4a , b could be interpreted in terms of waves propagating transverse rather than parallel to the jet stream. The corresponding alignments of the horizontal wave vectors with the minor axes of the ellipses in Fig. 4a, b would imply that the polarisation ratios, Eq. (2), would be dominated by the transverse wind gradient terms, which would now be 1 x d dz . The wind observations con®rm such large values of the gradient terms. It is found that the sign of the gradient term in the troposphere case reproduces the anticlockwise rotation shown in Fig. 4a . However, that for the lower stratosphere case also predicts an anticlockwise rotation in contrast to the clockwise sense actually observed, Fig. 4b . Furthermore, the value of x for the tropospheric case from expression (4) is indeterminate. It is concluded, therefore, that the present data are not consistent with waves propagating transverse to the jet stream.
A signi®cant feature of the present study is the pronounced wave disturbance observed at heights well below the jet stream maximum, down to the lowest height of observation near 2 km, and of magnitude comparable with that at low stratospheric levels. Previous observations of inertia-gravity waves by balloons (Thompson, 1978; Cadet and Teitelbaum, 1979) and radar (Cornish and Larsen, 1989; Thomas et al., 1992; Sato, 1994; Cho, 1995) show relatively small intensities or even an absence of such disturbances at such heights. A study of the generation of gravity waves by geostrophic adjustment for zonally extended imbalances by Fritts and Luo (1992) shows wave propagation at positions away from the jet, with downward phase progression above and upward phase progression below with no obvious dierence in amplitude. The predicted propagation transverse to the jet is generally consistent with previous radar observations showing a preference for meridional propagation of waves in the lower stratosphere. However, some observations question the relation of the observed waves to the jet stream (Sato, 1994) . The present observations for lower stratospheric heights are simulated more closely by the modelling study of O'Sullivan and Dunkerton (1995) . This shows that inertia-gravity waves generated as the tropospheric jet stream was distorted by baroclinic instability, primarily in the jet stream exit region, were concentrated on the upper side of the jet. As observed in the present study, the waves propagated in a similar direction to the jet stream, and at a lower velocity. The waves showed similar phase surface slopes to those observed at lower stratospheric heights in Fig. 2a, b , had an intrinsic period of 9 h but a period relative to the ground of 14 h, and a value of 2p/k of 600 km. There is no basis for invoking a separate source such as frontal activity to explain the present tropospheric perturbations in view of the downward propagation of wave energy indicated by the hodographs in the troposphere, as in Fig. 4a , and the general consistency of the results with those for the lower stratosphere.
Conclusions
VHF radar measurements at Aberystwyth have shown the presence of inertia-gravity waves during 12±13 March, 1994, with downward phase progression in the troposphere and upward propagation in the lower stratosphere, the apparent periods being near 9 and 10 h, respectively. These results, together with hodographs of horizontal perturbation velocity, show that in both height regions the observed wave propagation is in directions similar to that of the jet stream, with downward energy¯ow in the troposphere and upward ow in the lower stratosphere. Allowance for the gradient in the background wind transverse to the direction of wave propagation introduces some uncertainties in the derivation of wave parameters, especially in the lower stratosphere, but an intrinsic period of 7±8 h and a horizontal wavelength of 136±164 km are found for the middle troposphere. The wave characteristics show features which contrast with previous observations of inertia-gravity waves which showed preference for propagation approximately transverse to the jet stream and relatively small intensities or complete absence of waves at middle and lower tropospheric heights.
